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On the Range of Composition of
Portland Cement.
DEVELOPMENT OF THE PORTLAND CEMENT INDUSTRY.
The construction of the Eddy stone Light House in England
marked a new era in the hydraulic cement industry. In 1756 when
John Smeaton, the engineer, attacked the problem of building this
structure, he undertook a series of investigations the result of
which was the discovery of a cement material, which not only
hardened better in air, but would also harden under water. From
the results of his work, the development of Portland cement may
be traced.
It was not until 1824 that Portland cement came into
existence. This invention is credited to Joseph Aspdin, a brick-
layer of Leeds, England. He took out a patent on an improved
cement which he proposed to make from the dust of roads repaired
with limestone, or else from limestone itself combined with clay,
by burning and grinding. This cement he called "Portland cement"
because, when hardened, it produced a yellowish gray mass resembl-
ing in annearance the stone from the famous quarries of Portland,
England
•
In the United States the cement industry first began
with the discovery, in 1818, of a natural cement rock near
Chittenango, Madison County, New York, by Mr. Canvass White, an
engineer engaged in the construction of the Erie Canal. However,
the Portland cement was not made until 1875. Mr. David 0. Sayler,
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president of the Coplay Cement Company, noticed that the herder
burned portions of his Rosendal*3 clinker gave a cement which lor
a short neriod would show a tensile strength eaual to that of the
best imported Portland, but this cement would crumble away as time
went on. This was due to the fact that the raw materials were not
properly proportioned. Sayler finally succeeded in making a good
Portland cement by mixing a certain amount of cement rock high in
lime with his ordinary cement rock. Thus, the Copley Cement Com-
pany produced the first Portland cement in America.
CONSTITUTION OF PORTLAND CEMENT.
Following the invention of artificial hydraulic cement
by John Smeaton, many theories had been advanced on this subject
by various investigators. In 1887, the work of Le Chatelier"**
opened up a new method of investigation showing the whole matter
in a new light. He was the first to undertake a mineralogical
study of the constitution of Portland cement by means of the mi-
croscope. He identified four minerals in a glassy mass forming
the cement cliEker
, fl) colorless, double refracting, cubical crys-
tals, later celle a alite by TSrnebohm- (£) between these a darker
substance, double refracting, but without crystalline structure,
celite- (3) slightly yellowish crystals, opaque and striated,
called belite- (4) very small crystals with rather strong double
refraction, felite. These were contained in a glassy mass which
had no influence u^on polarized light.
Le Chatelier considered "alite" as 3 CaO'SiOg, the active
ingredient of cement s, whi ch hydrated according to the reaction
l.Le Chatelier- The Constitution of Hydraulic Mortars, tr. by Mack
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3 CaSiOg 4 Aq = CaO'SiOg 1 2.5 HgO 4- 2 Ca (OHjg. His analysis
showed 1.7 to 1.8 equivalent of CaO to 1 of SiOg, considerably more
than the mono- si lie at es . He explained this "by the theory that a
part of the CaO was freed after hydration and held by canillary
attract i on
.
In addition to the tri-calcium silicate, the tri calcium
aluminate was found.
3 CaO'AlgO 4 Aq - 3 CaO* AlgO, 12 HgO
The hydration of the cement Le Chatelier expressed by two reactions
2 (CaO-SiOg) + 9 HgO= 2 CaO*x SiOg .5 HgO 4 4 Ca(OH)g
followed by the reaction forming a basic aluminate,
3 CaO* Al 20g 4- Ca(OH) g + 11 HgO - CaO*Al gOg 12 HgO.
The hydrated basic aluminate determines the setting of the cement
while the hardening is fixed by the tri-calcium silicate. Le
Chatelier fixed the amount of lime necessary by the relation
£2° >3
Si0 2 - Alg03 - FegO,
where the substances are represented in equivslents. The upoer
limit was, fixed at,
CaO / rz
SiO c 4 Al ft0„ - Fe r O*
c
In 1897 TSmebohm'' corroborated the petrograohic work
a/
of Le Chatelier. He did not know of Le Chattier' s work and in-
vestigated different clinker. According to his conclusions the
alite was an isomorr>hous mixture of tri-calcium silicate with the
2. TOrnebohm- TJber die Petrographie des Portlandzements ,-
Stockholm 1897.
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aluminate, 9 CaO. 2 Al^O*. The cement formula he expressed as
x (3 CaO SiOg) 9(Ca0'2 Al
g
O^) where x fluctuates around 9, The
minerals were separated by means of the Thoulet solution.
In 1898 S. B. and W. B. Newberry studied the question by
fusing synthetic mixtures of CaO and SiOg. A product was obtained,
which hardened like the best cement. Showing the ratio of CaO to
SiOg in the tri-calcium silicate as 2.8 to 1 by weight and in the
aluminate, 2 CaO* Al^O^ as 1.1 CaO to 1 AlgO^ by weight they de-
rived a formula showing the maximum CaO content of a correctly pro-
portioned Portland cement. % CaO ~% SiO
g
X 2.8 4 $Alg02 X 1.1.
Cement prepared with lime, alumina, and silica proportioned accord-
ing to the above formula gave good results, whereas that prepared
by Le Chatelier's formula was unsound , showing the lime to be in ex-
cess •
4
In 1897 Liamin showed by micro-photographs the interlac-
ing crystals of lime hydrate and lime alumina silicates in hardened
cement. The main constituent according to Liamin was the lime
hydrate.
In 1898 Rebuffat^ divided cements into two classes, viz.:
1. Cement of simple, compact structure, non-crystalline, de-
rived from a mixture of calcium oxide, silicate, and aluminate.
These comprise the hydraulic limes and quick setting cements.
2. Cements of crystalline structure derived from a combination
of a crystalline mass, consisting of 2 CaO.SiO^ and CaO and the
3
* S. B. & W. B. Newberry- Tonind. Ztg. 1898- p, 878.
4. Liamin- Rerort of the Imperial Russian Technical Society, 1897
5. Rebuffat- Gazz. chim. Ital. 28 II (1898)

5calcium aluminate in various proportions— Port land cements and
cements hicrh in silica. The quantitative constitution of the
various hydreulic cements after setting, he assumes, is the same,
a mixture of Ca(0E)r,, hydrated calcium silicate and hydrated cal-
cium aluminate with some accessory ingredients.
In 1902 Lleyer produced tri-calcium silicate in mixtures
without AlgOg, using Fe^Og and MnOg as fluxes. He does not be-
lieve that the di-calcium silicate can exist in the presence of
free lime and that the tri-calcium silicate can only he produced
by crystallization from a fused magma. The tri-calcium silicate
hydrates to 2 CaO. SiOg'HgO, which loses half the water at 160°C.
while Ca fOH)g dehydrates at a much higher temperature. The
process of hydration, according to Meyer, is represented as,
2 (3 CaO)- 31024. Aq= 2 (2CaO)«Si0
2
H
g
4 2Ca (OH)-.
7
In 1903 Rohland considered the cement clinker as a
solution of CaO in silicates. Later work was done by Hohland upon
the effect of positive and negative catalysers on the time of
setting of cements.
QIn 1902 Clifford Richardson prepared tri-calcium
6. Meyer- Protokoll der Generaversammlungen des Vereins Deutscher
Port landzement fabnkanten, 1901
7. Hohland- Der Port landzement vom phys.- chem. Stand ounkte.
Leipzig, 1903.
8. The Constitution of Portland Cement
Cement 5, 516, (1904)
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silicate synthetically by fusion in the oxyhydrogen flame as well
as non-dusting di-calcium silicates, both hardening in moist air
and water. By means of micro-nhotogranhs he showed the crystalline
character of portland cement and defined it as a solid solution.
9
Bates assumes that the fo J lowing compounds may exist
in Portland cement, tri-calcium silicate, di-calcium silicate,
calcium aluminatos in which the CaO and AlgOg are combined in
ratios of 3 to 1, 5 to 3 or 1 to 1 and free lime. Other compounds
may be formed between CaO, Al-0 , Pe and Si0 2 but are scarcely2 3 2 c c
to be found in Portland cedent.
Mono-cr lcium- silicate or meta-caleium silicate, CaO'SiOg
It is the only anhydrous calcium silicate occurring in nature.
Le Chatelier and Kauster believed it might be produced also by the
v/et process, finding the composition to be CaO, SiOg, 1.1 H^O. Le
Chatelier considered it the only silicate liable to form during
the hardening of current. Ca0»3i02 possesses hydraulic properties.
It is formed at low temperatures and is the principal hydraulic
constituent of pozzuolane cement.
The Di-calcium Silicate- The di-calcium silicate is the
compound to which generally the disintegrating or dusting of im-
perfectly proportioned Portland cement is attributed. Zulkowslci^
Le Chatelier, and also Unger invariably failed to obtain a stable
product in fusing a mixture of calcium oxide and silica in the
molecular proportions of 2 to 1. They always obtained a coranound
which crumbled into dust upon cooling in the air or under mercury.
9. The Constitution of Portland Cement, P. H. Bates- Cement and
Eng'g. News, V. 25-p. 46.
10. Zulkowski- Srhartungstheorie d. Hydraulische Bindemittel,
Berlin, 1901.
IP
7.
Zulkov/ski observed that disintegration could be prevented, if the
red hot fused product was chilled quickly by dropping it into water.
Zulkowski explained it by the existence of two isomeric compounds,
an ortho- silicate and a meta- silicat e, whereas Le Chatelier attribut-
ed it to dimorphism and Eawit assumed that the di- calcium silicate
existed in two allotropic modifications. Michaelis^ declared that,
in addition to a faulty chemical composition, burning at too high a
temperature was responsible for the disintegration of certain Port-
12
land ceirent mixtures. On the other hand ?• Schott ' put the blame
upon imperfect combination of the raw materials, caused by insuf-
ficient grinding and mixine:, and maintained that a stable di-cal-
cium silicate existed. The temperatures at which the experimenters
obtained the oroduct differed considerably. Zulkowski burnt a
slightly sintered di-calcium silicate at the melting noint of Seger
cone 21. Le Chatelier believed that he obtained a fused di-calcium
silicate at the melting point of iron. Bohland stated its melting
13point to be 1740 centigrade. Shepherd and Rankin show that 2 CaO.
SiOg exists in four distinct crystal forms. In changing from the
y9 to the y form at about 675°C. there is a 10$ volume increase
which causes the dusting of clinker containing much of this com-
pound. The ortho-eilicat e is not hydraulic.
11. Kichaelis- Die Hydraulischen Mflrtel Leipzig, 1869.
12. P. Schott- Dingl. Polyt. Jour. 202, 434 and 513.
13. Shepherd & Hankin- Jr. Ind. & Eng'e:. Chem.
Vol. 3,Mo. 4 (1911)
•J
1
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The transformation from the beta to the gamma form is
largelv prevented by increase of PBgO* in a cement since it enters
the ortho-silicate, coloring it brown.
Tri Calcium Silicate- A great deal of discussion may
be found relative to the existence or non-existence of the compound,
3 CaO'Si02» In their careful study of the binary system CaO-SiOg
Day and Sheoherd were unable to produce such a compound but the
later study made on the ternary system, CaO-AlgOg- SiOg resulted in
the production of very pure crystals of the tri-calcium silicate.
In the presence of small amounts of Al 0, the compound readily an-
2 o
peared and the fact of its existence as the essential hydraulic
compound in Portland cement has been established beyond question.
The tri-calcium silicate is unstable at its melting point dissociat-
ing to form 2 CaO.SiCU and CaO. In Portland cement clinker the
presence of AlgO^ and fluxes aids materially in producing consider-
able amounts of 3 CaO. s*0g* Tne fin101111 *; of the compound which is
found in the clinker seems to increase with the temperature of
burning
.
The CaO-AlgOg Series- In this series the compounds
which have been observed are CaO, 3 CaO. Al^O , two forms of 5 CaO-
c 3
3 AlgOa, the one stable, the second unstable, CaO-AlgO^, two forms
of 3 CaO. 5 AlgOg, a stable form and an unstable form, and AlgO^.
3 CaO. A1 2 2 (CaO 62. 22, AlgO^ 37.78).- This compound is not stable
at its melting point and perfectly homogeneous preparations of
this composition, free from grains of crystallized CaO and 5 CaO.-
3 AlgOg have never been obtained. The tri-calcium aluminate is
formed in Portland cerent clinker and acts as a hydraulic compound,
hardening quickly but high alumina cements are likely to decrease

77]
in strength Id time.
Calcium Ferrites- The nature and properties of the
calcium ferrites are not well known. Fe c O,7 seems to teke an imnort-
ant part in reducing the "burning temperature of cement clinker and
some of its compounds with calcium are hydraulic. It may partially
and perhaps wholly replace the Al.O- as shown by the iron ore cement.
The calcium ferrites were produced mainly with a view to ascertain
whether they have to he regarded as hydraulic substances or whether
the iron oxide contained in cements has merely to he considered as
an adulteration. With regard to the iron constituent of the Port-
14
land cement clinker, P. H. Bated statement may he quoted as follows
"It has been found almost invariably that the iron oxide exists in
three different forms. No matter whether the clinker be well-
burned or under-burned, or whether it contains a high or low per-
centage of lime
,
the iron oxide always enters into the beta ortho-
silicate. The grains of the latter are colored brownish to red.
7/hen the 5 to 3 lime aluminate is present, it also colors it, but
it has not been noticed to color either the trisilicate or tri-
aluminate. It also occurs in the interstices between the other
cement minerals. In the case of low lime cements, this interstitial
material is double refracting, has an index of refraction greater
than 1.75 and seems to correspond optically to the compound 2 CaO."
FegOg* With the very high lime content cements and higher burned
cements, this compound- disappears and instead there is formed an
almost opaque glass and a small amount of magnetite."
RAIIGE OF COMPOS ITION-
Portland cement is an artificial silicate produced by
intimately blending clayey and calcareous materials, burning them
to vitrification, and grinding the resultant slag-like mass to a
fine powder. This5 powder, if of the proper composition, will hy-
14. P. E. Bates, Cement & Eng'g. News, V. £5- p. 47
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drate and harden in water to a atone-like mass, of practically con-
stant volume, which shows considerable tensile and crushing strength
and is able to cement together relatively large quantities of sand.
The composition of Portland cement of good qualtity is
usually within the following limits.
Limits Average
Silica 19- 26$ 22$
Alumina 4-H# 7.5$
X w X X X w V - v 1U. C 2- 5$ 2.5<#
Lime 58-67$ 62.%
Mciffne Pi a 0- 5$ 2.5$
Sulphuric acid 0-2.5$ 1.5$
Alkalies 0-3$ 2. £
The everaere American Portland cement may be
to the ceramic body formula-
14.99 CaO
(
i
A1
2 )3
) 4.93 SiO_
.284 Fe )
The alumina is reduced to unity as a ready means of comparing the
composition to the clay base since the fundamental formula of
clay substance is given as AlgOg'2 SiOg . 2 HgO. In the above
cement formula the clay base is represented by Al
g
0«7. .284 FegO^ *
4.93 Si0 2 showing 2.93 molecules of free SiO,, as compared with
the kaolinite formula. As there is always a certain amount of
feldspathic and micaceous matter in impure clays the actual amount
of free SiOg is generally considerably less. The oxygen ratios
between CaO
,
AlgOg and SiOg are 3.04:0.69:2 making the cement equiv-
alent to a sub-silicste of calcium.
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CALCULATION OF THE GBUQR BATCH-
Several formulae have been devised for the calculation
of the proportions of clay and liFe bearing ingredients of the
cement batch.
'"he Chatelier Formula- American cement chemists make
extensive use of the limiting Chatelier formula, aa modified by
Newberry:
x f 3 CaO j. SiO ) y (2 CaO Al 0„) or
(3x 4- 2y) CaO 4 x SiOg + y AlgOg
Assume a clay of the formula AlgOg . .22 Fe £ 3
« 5 SiOg' 2 H
g
and
pure limestone as ingredients. One part of clay introduces 1 AlgOg
and 5 SiOg - y and x respectively. This requires 3x 4 2y or 15 42 «
' Al )
17 CaO living a cement formula 17 CaO ( c2 3 ' 5 Si0 o . The
equivalent weight of the clay (the sum of the molecular parts in
the formula) is 473.2; of the limestone, 100. The proportions of
stone and clay then are 1700: 437.2 or 3.59:1.
Meyers' method- Meyer advises the use of the formula:
x (3 CaO) SiO
g
4 y (n CaO) SiOg RgO^t
in which the value of n m 3 to 4. This is highly commended by some
European chemists. This formula has also been stated in the form:
a M j. b AlgO, 4 1 si0g» in which MO is the sum of the equivalents
of lirre
,
magnesia, iron oxide and alkalies. The minimum value of
a - 3, and the maximum value - 34b, where b is the equivalent of
alumina.
Hydraulic Modulus- This method is generally used in
Europe and also in the United States. It may be stated as follows:
n = Per cent, calcium oxide
Per cent, silica per cent, alumina a percent ferric
oxide

12
The permissible variations of n range from 1.8 to 2.2. Let the
sum of the Percentages, A1.0 + Fe^O . + 3i0 or "silicate " in
2 3 23 2
the clay base he represented by 3 and the CaO content of the clay
be c. The CaO of the clay requires c parts of silicate leaving
c n
available silicate - S " ~ which requires n (3 ) narts of CaO.
n
Let 3., represent the amounts of "silicate" (Al^O* + Pe cO„ 4 Si0 o )
and ci the CaO in the limestone. The silicate requires ns-^ parts
of CaO leaving (C^ - ns^) fo of CaO available. The limestone re-
quired to supply the CaO for the clay will then be
c
n(s -- )
n ns-c
c^ - ns^ c^ - ns-^
This method is in very general use for calculation of
the mixture from dcy to day in cement plants, where the materials
vary only slightly in composition.
Newberry Formula- This is merely a statement of the
maximum content of CaO for a well balanced Portland cement,
% CaO = % Si0 2 x 2.8 + f AlgOg x 1.1.
Bleininger Formula- From the results of his work,
1 5Bleininger concludes that for dry ground mixtures the formula
(2.8 CaO).Si0 2 + (2 CaO)»Al 2 3 is the safest, using a ratio
<?o Si02
* A1 2°3
= 3.1 to 4.1
15. Bleininger- The Manufacture of Hydraulic Cements, Bull. #3
Ohio Oeol. Survey, 1903.
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This would correspond to the proportion, in Darts by weight, of
1 part of silica to 2.61 parts of lime, or 1 part of silica to
4.66 ports of calcium carbonate. A cement made from a silicious
clay and lirestone would be decidedly unsafe with the theoretical
tri-calcium silicete formula. From his results, however, no de-
ductions can be drawn with reference to the theoretical silicates
present in the cement. The work seems to support the views of
Vogt that we are dealing with a slag whose limits of composition
are not as narrow as they might be suoposed. At the same time,
there are quite definite limits, for with a formula of (2.6 CaO)-
SiOg, (2 CaO) AlgOg, hydraulicity practically ceased and "dusting"
began. Ko coal ash was added to these cements at all, since they
were not in contact with coal. The following criticisms may be
made on the above formulae:
The Chatelier formula does not give entire satisfaction.
For instance, taking the formula- 17 CaO, 5 SiOg, Al 0*, 0.22 FegO*
the percentage composition is found to be:
Lime 68.54$
Silica 21.60$
Alumina 7.34$
Ferric oxide 2.53$
It will be noticed that the content of lime is higher than that of
the average Portland cement.
The formula- x(3 CaO SiOg) + y (2 CaO + A1£°3^ is
inherently wrong when annlied indiscriminately in practical work,
and must be corrected either by a change in the molecular propor-
tions or by the use of a constant for the various degrees of acidity
of the clay3.
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Meyers' formula was found successful and is highly com-
mended by some European chemists.
Hydraulic Modulus Method- This formula is much cruder
and more inaccurate than the Chatelier formula, as it does not dis-
criminate between the three constituents in the denominator. The
req lirements of the formula would be met eoually well by a highly
aluminous cley or silicious iron ore. However, it gives a readily
available check on the other methods provided a suitable clay is
being used and is excellent for routine batch calculations in the
I
plant
.
Kewberry found that cement prepared synthetically with
lime, alumina, and silica proportioned according to his formula
gave good results.
Bleininger's formula- The objection might be made that
the formula would give too low a lime content owing to the intro-
duction of silica and alumina in the ash from the coal when burnt
in the rotary kiln. There is 3ome justice in this objection, as
the tendency of the ash will be to lower the lime content, and un-
doubtedly some reaction takes place.
In Fig. 1 i3 shown the triaxial diagram of the system,
CaO- A1 C0^- SiO^ as given by Sheoherd and Rankin. The enclosed
area v x yz is suggested by them as the probable field of Portland
EFGH
cement composition. The small rectangle, represents the field of
good cedents as found by Bleininrer.
PRE3EUT FIELD OF STUDY
-
In the present work a study is made of the effect of
varying proportions of CaO, A^Og, and SiOg on the properties of
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Portland cement. In order to eliminate differences due to varying
amounts of Fe^O^ and alkalies introduced by varying the clay base
in the batches a ball clay low in Fe„0-7 and alkalies was used with
ground quartz for the additional SiOg and pure CaCOg for the lime-
stone. Enough FegOg was added to make 3$ of the finished cement
in each case and 2$ of Ka^C0„ was added to the raw mixture.
Although it is known that the properties of the cement
depend considerably pon the mineralogical make-up of the raw batch
it was hoped by a longer burning period to obtain results more or
less comparable to those which might be obtained by using a
ferruginous clay in the mixture. It was necessary to reduce the
variables as far as possible and the use of pure materials probably
gives more reliable data in the present case.
Fifteen mixtures were made up with varying proportions
of CaO
,
AlgOg, and SiO as shown in the following table. The three
components are calculated to 100$-, the Fe^O^ and alkali being of
constant value throughout the series. This allows the field of
work to be shown on a triaxial diagram, Fig. 2.
MATERIALS AHD PREPARATION 0? MIXTURES.
The materials used in preparation of the raw mixtures
are as follows:
Whiting 55.10$ CaO
n ,, M 50.20$ SiO?Tennessess Ball Clay 36.80& AlJL
Ground Potter's Flint 100.00$ SiOg
Hematite 100.00$ Fe-O,
Soda Ash 100.00% HagCOg
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The raw batches were calculated from the proportions of
CaO, Alr,0, and SiO^ In the table.
For the purposes of comparison the mixtures, it was cal-
culated to the formula.-
1 CaO. x Al 0_ . y SiOo
For example, taking the first batch, whose composition is 69.2^
CaO, 16.2% Si0 o , 5.6# A1„0_
69.2 - 1.235 CaO
56
25.2 = .418 Si0 o
60 *
5.6 - .054 Al^O,
102 2 3
69.2 X 100= 123.500 CaCO,
56 3
.418= .339 mol. Si0 o= y
1.235 B
.054* .0438 mol. A1„0« = x
1.235 2 a
The composition may be reduced to the molecular formula,
-
1 CaO .0438 Al
g 3 .339 5i0 2
.054 x 2 = .108 CaO for A1«0~
i. . C*J%)— 1UO — X • X <C i
1.127 = 2.696 418 - 7.74
.418 -054
1 UC UQ UV/il WCLO 1 11~ I J X ~ U. U O ^7 O O U 1 Ui IJ U lu
?
M (xCaO. SiOg) + (2 CaO.AlgO^)
uoicuiax idk ine percerjoagre anQ irioxecuxar rauios—
Si02 CaO
AlgO, SiOg

Si0
2
.418
_
_ 7.74 mol. ratio « in
A1 2 2 .054
CaO , i .127 a 2.696 mol. ratio - x
Si0
2
.418
The resulting formula of the mix is
7.74 (2.696 CaO SiOg) + 2 CaO Ul
g
O )
The "batch weights were then calculated from the above forumla.
36.80 , .36 Al q
TC7^ 2 3
50.20 =« .836 3i0_
60 d
.36 x 2 x 100 » 72 CaCO- for Al o0_
4.5 x 36.80 = 165.60 SiOg required
165.60 - 50.2 - 115.40 3i02 as flint
165.60 x 2.696 x 100-= 744.1 CaCO, for Si0 o
60 3 2
744.1 4 72= 816.1 CaCO. for whiting
3
816 .1 m 832 whiting
.983
Raw Wt. burned wt.
Batch 100 Clay - 87.00
115.4 flint 115.40
832 whiting 458.53
660.93
Fe„0„ 20.44
'2W3
681.37
660.93 x .03 =* 20.44
97
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Batches amounting to aDuroximately 4500 gms each of
burneu cement were made up, the raw batches being calculated as
follows,- Dividing 4500 by the figure represBnting the burned
weight of the calculated batch, then multiplying the batch weights
by this factor gives a batch which when burned weighs 4500 gras.
Thus 4500 - 7
clay - 100 x 7 = 700 gms.
Flint" 115.4 x 7 - 807.8 gms.
whiting- 832 x 7 =5824.0 "
?e
2 3
- 20.44 x 7=143.08 "
With an addition of 2$ ^a^CO^ for each batch.
700.0
807.8
5824.0 74750 x 2 * 149 frms. Ka^CO,
143.1 100 E
7475.0
The raw materials were weighed out, and the mixture, which had been
H
previous^ pulverized , was ground in a ball mill for about four
hours. The well-mixed powder was removed from the mill, slightly
moistened with water, and moulded into small briquettes by means
of a hand-power dry press. The briquettes were burned in fire-
clay chambers in a down-draft, coal-fired test kiln so arranged
that the burned clinker could be withdrawn at the finishing
temperature and cooled quickly. Samples were drawn out at in-
tervals to examine the clinker. It was found that at cone 16 all
the clinkers attained a dark gray color. All the clinkers showed
"dusting" except batch 6. Batches 9, 10, 11 and 12 did not dust
as badly as the rest of the batches.

20.
The "burned clinkers wer° aged for a w^ek, then crushed
in a small jaw crusher, and finally ground in a hall mill until
92^ would pass the 100 mesh sieve and 76$ the 200 mesh.
METHODS AHD RESULTS OF TESTS
Mormal consistency, U. S. Government Specification-
100 grams of powdered cement was weighed out, quickly mixed with
water and formed into a hall about two inches in diameter. The
ball was dropped upon a hard, smooth and flat surface from a height
of two feet. The proper consistency was obtained when the ball so
dropped did not crack nor flatten out more than one-half of its
original diameter. The following table shows the results of each
batch.
Normal Consistency
Uo« % of water reouired
1. 37.8
2. 37.5
3. 41.0
4. 38.2
5. 35.2
6. 33.2
7. 35.0
8 . 31 .
3
9 . 35 .
7
10. 40.0
11. 37.8
12. 37.8
13. 36.2
14. 34.2
15. 41.1
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Constancy of volume, U. S. Government Specification-
Prom each batch two pets of neat cement paste of normal consistency
were made up on glass plates, the pats being about 3 inches in
diameter, one-half inch in thickness at the center, and tauered to
a thin edge. After keeping in moist air for a period of 24 hours,
the pats were exposed to steam at atmospheric -pressure above boil-
ing water for 3 hours. Batch 6 remained firm and fairly hard,
with no signs of cracking, distortion or disintegration. Batches
9, 10, 11, and 12 showed slight cracking and were soft, but no dis-
tortion or disintegration was noted, while the rest of the batches
were badly cracked, soft, and slightly disintegrated.
Time of Setting- The time of setting- was determined
by the standard Gilroore needles. A pat of neat cement paste
about 3 inches in diameter and one-half inch in thickness with the
top flattened was mixed at normal consistency. It was kept in
moist air at a room temperature (21°C) and tested from time to
time. The cement was considered to have acquired its initial set
when the pat would bear, without appreciable indentation, a ne°< le
one-twelfth of an inch in diameter loaded to weigh one-fourth of
a pound. The final set was acquired when the pat would bear, with-
out appreciable indentation, a needle one- twenty-fourth of an inch
in diameter, loaded to weigh one pound, in making the test the
needle wes held in a vertical position and aoolied lightly to the
surface of the pat. The following table gives the results of these
tests;
-
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Time of Setting
Ho.
Initial set
in rain. Average
Final Set
in hrs. Average
1. 83
80
81.5 9.45
9.58
9.51
2. 92
94 93
9.10
9.6 9.8
3. 37
36 36.5
8.45
8.40 8.42
4. 59
59 59
9.15
9.11 9.13
5. 97
98 97.5
8.3
8.0 8.1
6. 40
39 39.5
9.0
8.50 8.55
7. 81
81 81
10.3
10.7 10.5
8. 85
86 85.5
10.1
9.50 9.55
9. 63
63 63
8.35
8.38 8.37
10. 32
31 31.5
7.23
7.20 7 .22
11. 29
30 29.5
6.47
6.50 6.48
12. 32
31 31.5
7.31
7.28 7.30
13. 70
70 70
9.24
9.30 9.27
14. 77
77 77
9.1
9.7 9.4
15. 51
51 51
7.42
7.38 7.40
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Tensile Strength- Standard tensile test briouettes
of neat cement were moulded in "brass molds having a cross section
of one square inch at the middle. One hundred prams of cement was
weighed out end immediately worked np to the normal consistency.
The paste was placed in a mould, pressed firmly by fingers and
smoothed off with a trowel. The mould was turned over and smoothed
off. After standing for a few minutes, the bricuette was removed
from the m ^uld and allowed to stand in moist air for twenty- four
hours. The briauette was then immersed in water at a constant
tenperature (21°C.) for a reriod of six days. The briquette was
tested in a standard tensile test machine. The results are re-
corded in the following table:
Tensile Strength in lbs. - 7 days test.
1. 2. 3. 4. 5.
a. No strength No Strength Ho strength Ho strength 160
b. B " " n 158
c. " " " " 16£
Av. 160
Av.
6. 7. 8. 9. 10.
a. 195 Ho strength Ho strength 215 188
b. 222 H n 218 200
c
.
229 tf n 221 210
215 215 199
11. 12 12. 14. 15.
a. 138 227 190 320 145
b. 131 238 168 310 165
c. 142 233 204 260 154
Av. ~T57 236 184 303_ TSI
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DISCUSSION OP RESULTS
Among the clinkers Mo. 6 was the only one which did
not show dusting. Mos. 9, 10, 11, and 12 did not dust as "badly
as the rest, Mos. 1, 2, and 7 "being the worst of the series.
In the boiling test No. 6 was found to he firm and
hard, and showed no cracking or disintegration. Mos. 9, 10 and
12 cracked slightly and were somewhat soft but did not disinte-
grate. Mo. 11 withstood the test fairly well but was inferior
to those above mentioned.
Although Mos. 6, 9, 10, 11 and 12 are considered to
be good cements yet their tensile strengths were found to be com-
paratively low. This may be due to the lack of sufficient flux-
ing material in the batch or to the fact that the clinkers were
not quenched with water.
In Pig. 2 a section of the CaO- Al«0_-Si0 o is plotted
on a large scale, the rectangle vxyz being the field shown by
Shepherd and Rankin as the anicr oximate range of composition of
Portland cements. The mixtures used in the nresent study are
plotted and the rectangle ABCD is drawn to show the probable field
of good composition for Portland cements as determined by the
boiling tests. The tensile strength tests show all the mixtures
enclosed in this field to be of good strength. Mo. 11 which
showed a fair boiling test is very low in strength and in therefore
not included in the field. Mo. 14 shows the highest strength of
any of the mixtures but failed in boiling test. It is probable
that its high AloO, content is the cause of its early strength but
its failure in the soundness test suggests that it would orobably
depreciate in strength after a longer oeriod of time as is charac-
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teristic of high AlgO* contents.
In Fig. 2 the field of work of Bleininger is plotted
and his field of sound cements enclosed in the red ink rectangle
3FGH. The two fields correspond quite well although Bleiningers
is somewhat narrower.
In Fig. Z both fields have been plotted and lines show-
ing various percentage ratios of SiOg : AlgO^. Both diagrams show
definite lirrits in this ratio of 2.5 to about 4.4. Bleininger
states that 3.1 to 4.1 are the best but commercial cements frequent-
ly run as low as 25. The composition, (referred to CaO, Al 0„,
2 &
and SiCO for a number of commercial cements have been nlotted and
2
show a majority to fall within the field shown in this study.
Those showing a much lower lime content are doubtful as to the
correctness of analysis.
Good cements may be made with a ratio by per-
A1 2
centage of 2.5- 4.4. °
The batches for good cements may be well calculated
by a formula close to Bleiringer's ( 2.8 CaO SiO«) j- (2 CaO.Al.O,).
c 2 c
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